nitrogen and water management practices not implemented in the field study due to cost and time constraints. Simulations were conducted for all the ridge citrus groves included in the field studies (Sites B through E). Simulations were not conducted for the flatwoods grove nor the native vegetation site, where groundwater nitratenitrogen concentrations were found to be below the EPA MCL.
METHODS
In order to extend the conclusions of the field study beyond the climatic conditions that existed during the field experiments, 50-year LEACHN simulations of the pre-BMP and post-BMP practices examined by Lamb et al. (1999) were conducted for all the ridge citrus groves included in the field studies (Sites B through E). Fifty-year simulations for several additional nitrogen management practices were also conducted to extend the conclusions beyond the management practices that were implemented in the field.
Data from a vadose-zone tracer experiment conducted at one of the cooperator sites (Site B) in Highlands County, Florida, was used to parameterize and validate the LEACHN model for predicting water flow and solute transport in excessively drained Astatula sand (hyperthermic, uncoated Quartzipsamments) , which is the dominant soil type at all cooperators' sites on the ridge. Pertinent information regarding the field experiment is summarized below. Further details on the field experiment may be found in Graham and Alva (1997) .
FIELD TRACER EXPERIMENT
The tracer test was conducted in a 20 ha block of Site B, a mature citrus grove in Highlands County, Florida, which was planted in 1963. Valencia oranges on rough lemon rootstock, planted at a density of 212 trees per hectare, are grown at this site (see Lamb et al., 1999) . The bromide tracer was applied in the central portion of the 20 ha block, located on Astatula fine sand. The Astatula series consists of nearly level to moderately sloping, excessively drained soils found mostly within the ridge part of the county (Carter et al., 1989 ).
An aqueous solution containing 125 kg potassium bromide was applied over an area of approximately 1.88 ha using a tractor-mounted herbicide-boom sprayer to achieve an application rate of approximately 44.5 kg Br/ha (4.45 g/m 2 ) over the treated area. The bromide was applied from tree-trunk to tree-trunk, i.e., in the row middles as well as under the tree canopy, on 16 July 1996. Posttreatment soil samples were taken approximately weekly for the first six weeks after bromide application, biweekly through the end of the summer rainy season, and monthly thereafter. On each sampling date six to ten locations within the application zone but outside the irrigated area (i.e., in row middles outside the tree canopy) were randomly selected. Sampled locations were clearly marked to avoid repeated sampling at the same locations.
Soil samples were taken at 30 cm increments using a 5.0-cm-diameter bucket auger, from the land surface down to the saturated zone. The field moist soil samples were stored in an ice cooler and during transportation to the laboratory. Twenty grams of moist soil was weighed into a 50 mL centrifuge tube and 20 mL of deionized water was added. The suspension was shaken for 30 min and filtered through no. 42 filter paper. The filtrate was ultracentrifuged and the concentration of bromide in the extract was determined using an ion chromatograph (DX300, Dionex Corporation, Sunnyvale, Calif.) Gravimetric soil-water content was also determined for each depth increment to converted the bromide concentration to a soil-water basis. Further details on the sampling and analytic procedures can be found in Graham and Alva (1997) .
MODEL PARAMETERIZATION
Soil Physical Properties. Soil physical properties, including percent clay, silt, and organic carbon were obtained from the soil characterization database at the University of Florida (Carlisle et al., 1989) . Data for an Astatula fine sand soil core from a citrus grove in Highlands County analyzed by Carlisle et al. (1989) were used to characterize the soil profile for all ridge sites. Table 1 shows the depth of the soil profile and the soil physical properties used in the simulations. Carlisle et al. (1989) provides information only to a depth of approximately 2 m. Therefore, soil properties for the 2 m depth were assumed to extend to just above the top of the capillary fringe which was located at approximately 6 m below land surface at the field site.
Retentivity constants for Campbell's (1974) water retention equation were estimated using the measured water contents at various potentials for each soil layer as reported by Carlisle et al. (1989) . A stand-alone program, RETFIT, that accompanies the LEACHN model was used to determine best-fit retention parameters from this data (see table 1 ). A value of 20 mm was used for the soil dispersivity for all layers, as recommended by Hutson and Wagenet (1992) .
Citrus root distribution in each soil layer was estimated from the literature. Based on Boman (1996) , as well as studies conducted by McNamee (1955) and Nemec et al. (1982) , the following root distribution was estimated as typical for a ridge citrus grove: 50% of the roots in the top 0.3 m, 40% in the next 0.3 m, and the remaining 10% of the roots evenly distributed over the next 3 m (see table 1). A constant mature crop was assumed to be present 1670 TRANSACTIONS OF THE ASAE throughout the simulation period, and the crop cover fraction (fraction of land covered by the crop and thus subject to ET) was assigned a value of 1. Bromide was assumed not to be taken up by citrus trees in the transpiration stream. A free-draining lower boundary was assumed to occur just above the capillary fringe at a depth of 6 m. Additional soil-and crop-related parameters used in the simulation are summarized in table 2.
Weather Data. Figure 1 shows weekly rainfall and pan evaporation for Site B during the tracer test study period. No surface runoff was observed by either the grower or research personnel; thus measured rainfall was used as the surface flux boundary condition in the LEACHN model. A pan factor of 0.7 was utilized to correct pan evaporation to potential evapotranspiration, and the annual average crop coefficient determined by Jones et al. (1984) for ridge citrus was assumed (see table 2 ). Daily minimum and maximum air temperatures recorded at the nearby Archbold Biological Station were averaged to obtain mean weekly temperatures and temperature ranges needed for the model.
MODEL PERFORMANCE
As pointed out by Pennell et al. (1990) , the ability to model field-scale flow and transport in the unsaturated zone is an ambitious goal. Pennell et al. (1990) asserted that it is reasonable to expect simulations to predict the amount of mass remaining in the soil profile, and the depth of the solute center of mass in the profile, within approximately 50% of the actual value. However, they also suggested that accurate predictions of field-scale solute concentration distributions may be unrealistic due to high variability of soil, weather, and source characteristics affecting solute transport. In this study, the zeroth spatial moment (M 0 ) and the first normalized spatial moment (M 1 ′) were used to provide estimates of total mass in the soil profile and depth of the center of mass in the soil profile, respectively. These moments provide a convenient means for summarizing, analyzing, and interpreting solute transport behavior in the field experiment, and a reasonable means for comparing model predictions to field measurements (Freyberg, 1986; Pennell et al., 1990; Garabedian et al., 1991) .
A comparison between the mass of tracer applied per unit area (4.45 g/m 2 ) and mass recovery per unit area (M 0 ) provides a measure of both the efficacy of the experimental technique and the mass of bromide remaining in the vadose zone. Figure 2 shows the average mass of bromide recovered from the soil cores, with the horizontal lines indicating plus/minus one standard deviation around the averaged value. Mass recovery fell within one standard deviation of the applied value for the first 36 days of the experiment. On these sampling days the majority of the bromide plume remained in the vadose zone. Deviations in mass recovery around the applied value on these days may be the result of spatial variability in the bromide application rate, rainfall and evaporation patterns, or soil properties. From Day 50 through Day 246 bromide mass recovery averaged approximately 53% of the applied value, indicating either some loss of bromide to the saturated zone or bromide uptake by the crop. The extremely low mass recovery on Days 295 through 408 indicated that most of the bromide had moved out of the vadose zone by this time. The wide standard deviation bands around the estimated mass recovery for all dates suggests that more sampling locations may be needed to average the effects of this variability. Also shown in figure 2 are LEACHN predictions of the amount of bromide mass remaining in the profile. These data support the hypothesis that there may have been some bromide uptake by the crop, since the 1671 VOL. 42(6): 1669-1678 (Carter et al., 1989) Minimum root water potential (kPa) -3000 Hutson and Wagenet,1992 Crop cover fraction 1.00 Hutson and Wagenet,1992 Root resistance 1.00 Hutson and Wagenet,1992 model does not predict any loss of bromide to the saturated zone until after day 366. Figure 3 shows simulated depth of the center of bromide mass (M 1 ′) compared with depth of the center of bromide mass calculated from field-measured data. Results for the tracer simulation were very close to those measured in the field, and fell within one standard deviation of the measured values on 16 of the 20 the sampling dates. The regular movement of the center of bromide mass in response to net applied water (i.e., rainfall minus evapotranspiration) is clearly evident in this figure for both the simulated and field-measured data. The bromide center of mass showed a downward trend for the first 100 days of the experiment, which corresponded to the 1996 summer rainy season (see fig. 1 ). During the dry season from Day 99 (23 October 1996) to Day 276 (16 April 1997) the center of bromide mass remained at approximately 1.3 m below land surface. Between Day 276 and Day 408 (28 August 1997), the center of mass again began to move downward, in response to the 1997 summer rainy season. On Day 408 the center of bromide mass was close to the water table, at approximately 4.5 m below the ground surface. Agreement between the model-simulated and field-measured positions of the center of mass indicates that the soil, crop and weather parameters incorporated into the model (summarized in tables 1 and 2) are representative of actual conditions in the study area.
MODEL INPUTS FOR BMP SIMULATIONS
Soil Physical Properties. Since Astatula sand is the dominant soil type at all of the ridge citrus sites, the soil physical properties and related parameters discussed above and summarized in tables 1 and 2 were utilized for all pre-BMP and post-BMP simulations.
Climatic Data. A weather generator program, WGEN, was used to create one 50-year sequence of randomly generated daily rainfall, potential evapotranspiration (PET), and maximum and minimum temperatures that was used in all pre-BMP and post-BMP simulations. The WGEN model is designed to generate weather sequences that preserve the temporal correlation, and the seasonal and statistical characteristics, of actual observations of these variables for the location of interest (Richardson and Wright, 1984) . Appropriate precipitation, PET, and temperature records needed to generate the input statistics for WGEN were obtained from a NOAA weather station at Avon Park, Florida.
WGEN uses a first-order Markov model to generate wet or dry days based on historic transition probabilities. Daily precipitation amounts are then generated using a two-parameter gamma distribution (Richardson and Wright, 1984) . A representative two-year sequence of the daily rainfall generated by WGEN is shown in figure 4 . This figure shows that the randomly generated weather sequence compared well to measured data from Sites A and F (Lamb et al., 1999) . In all model simulations, rainfall was assumed to occur at midday at an intensity of 4.2 mm/h during the dry season when frontal storms predominate (October through May) and 16.6 mm/h during the rainy season when convective storms predominate (June through September).
WGEN generates PET values for a reference grass cover crop using the Blaney-Criddle method; thus the PET rates must be adjusted for citrus. Actual annual ridge citrus ET rates reported by Jones et al. (1984) were divided by average annual grass PET rates calculated from the 50 years of daily PET data generated by WGEN, to obtain an appropriate crop coefficient. The crop coefficient used for the BMP simulations is lower than the coefficients used with the pan evaporation data to model the bromide experiment. This is due to the fact that the Blaney-Criddle method typically overestimates potential evapotranspiration in Florida, because it neglects effects of cloud cover in reducing incoming solar radiation (Jones et al., 1984) .
Chemical Properties. Chemical properties required by LEACHN to simulate the transport and transformations of urea, ammonium, and nitrate were obtained from the literature, since detailed site-specific data were unavailable. Table 3 summarizes values used for the simulations as well as literature sources for these values. Most of these parameters were also used by Clark (1994) and fall within the range of values recommended by Hutson and Wagenet (1992) . Detailed definitions of these parameters and their significance can be found in Hutson and Wagenet (1992) .
Nitrogen Uptake. Potential annual uptake of nitrogen by the citrus crop was estimated based on a field study of components for the typical ridge citrus nitrogen (N) budget (Ashok Alva, unpublished Citrus N budget) . In Alva's study, an accounting of all N inputs, changes in storage of N in the root and tree growth, and removal of N due to fruit harvesting showed that average uptake for oranges 1672 TRANSACTIONS OF THE ASAE receiving 270 kg/ha/yr N fertilizer is approximately 220 kg N/ha/yr. The potential annual crop uptake needed for LEACHN was calibrated so that, under nitrogen inputs similar to those in Alva's field study, the modeled crop would remove approximately 200 to 240 kg/ha/yr. This method of estimating potential annual N uptake yielded a potential rate of 400 kg/ha/yr that was used as input for all simulations. Nitrogen Inputs. Table 4 summarizes the pre-and post-BMP nitrogen and water management practices simulated for each site. For the pre-BMP simulations at the mature citrus sites (Sites B, D and E) nitrogen was added at a rate of 82 kg/ha dry soluble ammonium nitrate (41 kg/ha ammonium-nitrogen and 41 kg/ha nitrate-nitrogen) on days 46, 166, and 258, for a total of 246 kg/ha/yr for each simulation year. For the pre-BMP simulations at the young citrus site, nitrogen was added at a rate of 56 kg/ha dry soluble ammonium nitrate (28 kg/ha ammonium-nitrogen and 28 kg/ha nitrate-nitrogen) on days 46, 166 and 258, for a total of 167 kg/ha for each simulated year. These pre-BMP application rates are based on actual five-year average N applied to these sites prior to BMP implementation (Lamb et al., 1999) .
To account for fertigation in the post-BMP simulations, equal parts of dissolved ammonium and nitrate were added to irrigation water in the appropriate amounts on days 5, 25, 36, 41, 46, 51, 64, 69, 74, 79, 100, 110, 130, 145, 249, 263, 279, 293 of each simulation year. In practice, foliar spray is applied as urea directly to the leaves. Under optimum conditions none of the urea should be available for leaching; however, some unavoidable losses to the soil surface may occur by drift or washoff. As a very conservative estimate of washoff, it was assumed in the post-BMP simulations that all of the foliar spray was washed off the leaves and available to infiltrate the soil. Thus to account for foliar spray, 21.3 kg/ha urea was added to the soil surface in dry broadcast form on days 74, 259, and 349 of each simulation year. Synthesis efficiency factor 0.5 Johnsson et al., 1987 Humification fraction 0.2 Johnsson et al., 1987 Carbon : Nitrogen ratio 10 Stevenson, 1982 Hutson and Wagenet, 1992 Minimum matric potential for transformations (kPa) -1500 Hutson and Wagenet, 1992 Mineralization rate constants (day -1 ): Litter-N 0.01 Manure-N 0.02 Clark, 1994 Humus-N 0.00007
Other rate constants (day -1 ): Denitrification 0.001 Clark, 1994 Nitrification 0.2 Ammonia volatilization 0.6 Hutson and Wagenet, 1992 Denitrification half-saturation constant (mg/L) 10.0 Hutson and Wagenet, 1992 Limiting NO 3 /NH 4 ratio in solution for nitrification, r max 8.0 Hutson and Wagenet, 1992 Urea hydrolysis rate constants (day -1 ): For the dry soluble/slow-release BMP nitrogen was applied as 44.8 kg/ha of urea with a release rate of 0.006 day -1 [to simulate the slow-release characteristics of the sulfur coating (Lamb, 1996) ]. In addition dry soluble fertilizer was added in the amount of 22.4 kg/ha ammonium and 22.4 kg/ha nitrate on days 16, 106 and 258 of each simulated year for the dry soluble/slow release BMP. To account for nitrogen introduced through organic matter additions from leaf litter, 22 kg/ha of litter-N was added to the soil surface every 2 months during all simulations (Ashok Alva, unpublished Citrus N budget). Since each model simulation period was 50 years, initial estimates of nitrogen and carbon in the profile were not critical and were assumed to be zero throughout the profile for all pre-BMP simulations. Soil water nitrate-nitrogen concentrations predicted at the end of 50-year pre-BMP period were assumed as initial conditions for the post-BMP simulations.
Irrigation Management. For the pre-BMP simulations, irrigation water was added to the randomly generated rainfall record in accordance with a rainfall-driven SCS irrigation schedule that was developed for the cooperator sites in 1994. For the post-BMP simulations, the LEACHN code was modified so that irrigation water could be added whenever the soil water potential at a specific depth in the profile exceeded a certain level of dryness. For the post-BMP simulations, irrigation was triggered whenever the soil water potential dropped below -10 kPa at the 15 cm depth during January through June, and whenever the soil water potential dropped below -15 kPa at the 15 cm depth during July through December. Table 5 summarizes the 50-year average nitrogen budget, and table 6 summarizes the 50-year average water budget, for the pre-BMP simulations. Dividing the average kg/ha NO 3 -N leached by the average volume of water leached, and making the appropriate unit conversions, gives an average pre-BMP groundwater concentration of 16 mg/L for the mature citrus sites. This is in good agreement with the range of pre-BMP nitrate-nitrogen concentrations measured at Sites B, D, and E by Lamb et al. (see fig. 4 , Lamb et al., 1999) . The average simulated pre-BMP groundwater concentration of 10 mg/L calculated for the young citrus site is also in the range of the fieldmeasured pre-BMP data for Site C shown in figure 4 of Lamb et al. (1999) . Thus, numerical model simulations confirm the field observations that groundwater nitratenitrogen concentrations below mature citrus groves receiving 246 kg/ha/yr N as three split applications of dry soluble fertilizer can be expected to exceed the EPA MCL. Furthermore, the simulations confirm that groundwater nitrate-nitrogen concentrations below young citrus groves receiving an average of 167 kg/ha/yr as three split applications of dry soluble fertilizer will be well above background levels (less than 1 mg/L NO 3 -N for this region).
RESULTS AND DISCUSSION

PRE-BMP SIMULATIONS
POST-BMP SIMULATIONS
Site B. The effect of reducing nitrogen application to 142 kg/ha/yr applied as a combination of fertigation and foliar spray, in conjunction with tensiometer scheduling of irrigation, was studied at Site B. Table 5 shows that leached nitrogen decreased from about 154 kg/ha/year to about 26 kg / h a / y ear when the fertigation / f oliar spray combination was used instead of dry soluble fertilizer. This is in spite of the conservative assumption that 100% of the foliar-applied urea was washed off and available to infiltrate the soil. Plant uptake of N increased by about 38 kg/ha/year in the post-BMP simulation, suggesting that the improved practices cause the nitrate to be more accessible to the trees. Table 6 shows that the total amount of water applied to the soil at Site B decreased from an average of 1.87 m/year to 1.77 m/year after BMP- 1674 TRANSACTIONS OF THE ASAE implementation. Since the rainfall record was the same for pre-and post-BMP simulations (an average of 1.39 m/year), these results indicate that the amount of water applied as irrigation decreased by 0.1 m/year under irrigation scheduling using tensiometers. Figure 5 shows the simulated annual leachate concentrations for pre-and post-BMP situations, calculated by dividing the annual mass of nitrate-nitrogen leached from the profile by the annual volume of water leached from the profile for each year of simulation (50 years total for each simulation). This figure shows that the annual leachate nitrate-nitrogen concentrations ranged from approximately 12 mg/L to 22 mg/L, and averaged 16 mg/L in the pre-BMP period. The average value and the variability of annual leachate concentrations were both reduced significantly after BMP implementation, when nitratenitrogen concentrations ranged from approximately 2 to 4 mg/L, and averaged 3 mg/L. For convenience the preand post-BMP data have been plotted as continuous times series on the same graph. However, the purpose of figure 5 is to demonstrate the effect of weather variability on annual leachate concentrations, and not sequential changes over time. Furthermore the transition of pre-to post-BMP concentrations is dependent on the particular pattern of the weather series during this transition period and therefore not of particular interest. Figure 6 shows the cumulative distribution of the daily leachate concentrations for the 50-year pre-BMP and post-BMP simulations. Daily leachate concentrations were calculated by dividing the daily mass of nitrogen leached from the profile by the daily volume of water leached from the profile for each day of simulation (18,250 days total for each simulation). These daily concentrations were then sorted from smallest to largest, then plotted against their rank to provide an experimental cumulative distribution function. To avoid the impacts of initial conditions, the first year of data from both the pre-and post-BMP simulations were not included in the calculation of the cumulative distributions. For comparison purposes, the experimental cumulated distribution function for the four years of post-BMP field-measured nitrate-nitrogen concentrations obtained from the uppermost port of the multilevel samplers (i.e., the top of the water table) at Site B is also shown in figure 6. For the pre-BMP simulations the nitratenitrogen concentration leaching from the vadose zone exceeds the EPA MCL 76% of the time. For the post-BMP simulations exceedence of the MCL did not occur after the first year of BMP implementation. The cumulative distribution function for the nitrate-nitrogen measured in the water samples from the top of the water table fell significantly below the simulated pre-BMP cumulative distribution function and appeared to be approaching the simulated post-BMP cumulative distribution function.
Site C. Fertigation at a total rate of 168 kg/ha/yr, in conjunction with tensiometer irrigation scheduling, was recommended for Site C. Post-BMP nitrogen and water balances for the Site C simulations are included in tables 5 and 6. The total amount of nitrate-nitrogen leached decreased from about 92 kg/ha/year to 44 kg/ha/year after BMP implementation. Plant uptake increased by about 60 kg/ha/year, suggesting that frequent fertigation allows the nitrate to be more accessible to the tree before leaching can occur. As with Site B, the total amount of irrigation water applied decreased by 0.1 m/year due to irrigation scheduling.
Annual leachate concentrations for both the pre-and post-BMP periods are shown in figure 7. This figure shows that the annual leachate nitrate-nitrogen concentrations ranged from approximately 7.5mg/L to 12.5 mg/L, and averaged 10 mg/L in the pre-BMP period. The average value and the variability of annual leachate concentrations were both reduced significantly after BMP implementation, when nitrate-nitrogen concentrations ranged from approximately 4 to 6 mg/L, and averaged 5 mg/L. The cumulative distribution functions for simulated (leachate) and measured (top of the groundwater) concentrations for Site C are shown in figure 8 . The model predicted that under the pre-BMP scenario the MCL would be exceeded 54% of the time but that, under the post-BMP scenario, the MCL would be exceeded only 11% of the time. Note that the measured concentration cumulative distribution function was much lower than the simulated pre-BMP cumulative distribution function, and was very close to the post-BMP cumulative distribution function.
Site D. A combination of slow-release and dry soluble fertilizer at a total rate of 180 kg/ha/yr was recommended for Site D, in addition to tensiometer irrigation scheduling. Post-BMP nitrogen and water balances for Site D simulations are included in tables 5 and 6. The total amount of nitrate-nitrogen leached was predicted to decrease from about 154 kg/ha/year to about 60 kg/ha/year. Plant uptake increased by about 35 kg/ha/year, again suggesting that improved nitrogen and irrigation management allows the nitrate to be more accessible to the tree before leaching can occur. For Site D the amount of irrigation water applied decreased by about 0.21 m/year due to irrigation scheduling. Note that increased efficiency of irrigation at Site D compared to the other sites is due to the fact that there is no fertigation at Site D and thus there are fewer prescribed irrigation events. Figure 9 shows 50 years of annual nitrate-nitrogen concentrations in the leachate for both the pre-and post-BMP simulations. Under pre-BMP management the simulated annual average nitrate-nitrogen concentration in the leachate concentrations ranged from approximately 12 mg/L to 22 mg/L, and averaged 16 mg/L. The predicted annual post-BMP leachate concentration ranged from about 6 gm / L to 12 mg / L , and averaged approximately 8 mg/L. The cumulative distribution function for the daily nitrate-nitrogen concentrations leaching from the profile for Site D is shown in figure 10 . The model predicted that the MCL would be exceeded 76% of the time under pre-BMP management, but only 33% of the time under simulated post-BMP management. The simulated pre-BMP nitrate-nitrogen concentration cumulative distribution function showed much higher nitrate-nitrogen concentration than either the simulated post-BMP distribution or the field-measured MLS concentration distribution, which are very similar.
Site E. Fertigation at a total rate of 180 kg/ha/yr, in conjunction with tensiometer irrigation scheduling, was recommended for Site E. The post-BMP nitrogen and water balances for Site E simulations are included in tables 5 and 6. The total amount of nitrate-nitrogen leached was predicted to decrease from about 154 kg/ha/year to 52 kg/ha/year. Plant uptake was predicted to increase by about 49 kg/ha/year, and the total amount of irrigation water applied decreased by 0.1 m/year due to irrigation scheduling. Figure 11 shows that the average annual leachate concentration concentrations ranged from approximately 12 mg/L to 22 mg/L, and averaged 16 mg/L in pre-BMP period. The average value and the variability of annual leachate concentrations were both reduced significantly after BMP implementation, when nitrate-nitrogen concentrations ranged from approximately 5 to 8 mg/L, and averaged 6 mg/L. Figure 12 shows the cumulative distribution function for the average daily leachate concentrations for the pre-BMP and post-BMP simulations, and for the field-measured nitrate-nitrogen concentrations obtained from the uppermost port of the multilevel samplers at Site E. Measured concentrations from the uppermost MLS port fall below the simulated pre-BMP concentrations and are quite close to the post-BMP 1676 TRANSACTIONS OF THE ASAE concentrations. LEACHN predicted that the MCL would be exceeded 76% of the time under pre-BMP nitrogen and water management, but only 15% of the time under post-BMP management. The MCL was exceeded in approximately 20% of the measured concentrations for the upper-most port of the MLS during the four-year fieldsampling period. Additional Simulations. Additional modeling runs were conducted to estimate the maximum rates of N application allowable under the dry-soluble, drysoluble/slow release, fertigation, and fertigation/foliar spray application frequencies outlined above, while maintaining the average annual N concentration in the leachate below 10 mg/L. Figure 13 shows the cumulative distribution functions of the daily leachate concentrations for these four modeling runs. This figure shows that drysoluble N rates should not exceed 172 kg/ha in three applications if an average leachate concentration of 10 mg/L is to be maintained. Under this scenario, the MCL would be exceeded 52% of the time. Dry-soluble/slow release N rates should not exceed to 208 kg/ha/yr in three applications to maintain an average leachate concentration of 10 mg/L; however, this practice would exceed the MCL 44% of the time. Fertigation N rates should not exceed 231 kg/ha/yr in 18 applications to maintain an average leachate concentration of 10 mg/L. This practice would exceed the MCL 24% of the time. If 64 kg N/ha/yr were applied as foliar spray, figure 13 shows that an additional 187 kg/ha/year could be applied in 18 split fertigation applications (for a total N application rate of 251 kg/ha/yr) while maintaining average leachate concentrations below the EPA MCL. Under this scenario, the MCL would be exceeded at 28% of the time.
CONCLUSIONS
The Leaching Estimation and Chemistry Model (Hutson and Wagenet, 1992) was parameterized and validated for predicting water and solute transport in excessively drained Astatula sand on the Central Florida ridge using data from a vadose-zone tracer experiment conducted at a citrus grove in Highlands County, Florida. Subsequent simulations of nitrogen transport with the LEACHN model showed that the amount of nitrate-nitrogen reaching the surficial aquifer beneath Central Florida citrus groves can be significantly reduced under improved irrigation and fertilizer management practices. Fifty-year simulations of the BMPs recommended by Lamb et al. (1999) predicted that reducing the rate and increasing the frequency of N application, and improving irrigation management, should both increase N uptake by plants and reduce average groundwater nitrate-nitrogen concentrations to within EPA standards
Modeling results supported the conclusions of Lamb et al. (1999) that (1) all of the BMPs implemented in the field project should, on average, meet the EPA MCL for groundwater; (2) of the BMPs tested on mature citrus groves, applying 142 kg N/ha/yr as fertigation/foliar spray should be the most effective at reducing groundwater nitrate-nitrogen concentrations; (3) applying 180 kg N/ha/yr split into 18 fertigation applications should produce slightly lower average groundwater nitratenitrogen concentrations that applying 180 kg N/ha/yr split into 3 applications of dry soluble/slow release fertilizer; and (4) if 180 kg N/ha/yr is applied to mature citrus groves periodic exceedences of the EPA MCL can be expected.
Additional modeling runs were conducted to estimate maximum rates of N application that should, on average, maintain groundwater nitrate-nitrogen concentrations below the EPA MCL at these sites. These simulations suggest that these maximum N rates are approximately (1) 172 kg/ha/yr if the fertilizer is applied in three split applications of dry soluble fertilizer; (2) 208 kg/ha/yr if the fertilizer is applied in three split applications of dry soluble/slow release fertilizer; (3) 231 kg/ha/yr if the N is applied in 18 split fertigation applications; and (4) 251 kg/ha/yr if 64 kg N/ha/yr is applied as foliar spray, and an additional 187 kg/ha/year is applied as 18 split fertigation applications. However it must be recognized that, even if average nitrate-nitrogen concentrations leaching to groundwater are maintained below 10 mg/L, the EPA MCL can be expected to be violated from 24% to 56% of the time under these practices.
The validity of LEACHN model predictions is highly dependent on the rate of nitrogen uptake assumed by the model. In the simulations conducted for this study, potential nitrogen uptake was calibrated so that the modeled crop would remove approximately 200 to 240 kg/ha/yr (Ashok Alva, University of Florida Citrus Research and Education Center, unpublished Citrus N budget). In the current model this potential rate is a constant that is not adjusted seasonally for root growth, shoot growth, young tree development, or fruit harvest. Further studies on the rate and timing of N uptake by citrus are needed to refine the citrus N uptake and growth mechanisms incorporated into the LEACHN model. Similarly, nitrogen application and uptake mechanisms should be enhanced to more appropriately account for the application and uptake of foliar applied urea. Due to these and other model limitations more confidence should be placed on the relative effectiveness of the BMPs, rather than the precise concentrations of nitrate-nitrogen, predicted by the model.
